Introduction
second step in crocin biosynthesis has not been identified so far. 126
127
To further elucidate the crocin biosynthetic pathway and to determine its compartmentation, we 128 searched a C. sativus stigma transcriptome for putative ALDHs and UGTs and characterized 129 their activity using E. coli as expression system. We identified an ALDH and an UGT, which 130 together convert crocetin dialdehyde to crocins. In addition, we determined the localization of 131 these two enzymes by immunogold electron microscopy and by analyzing the distribution of 132
Green Fluorescent Protein (GFP) fusions in Nicotiana benthamiana cells using confocal 133 microscopy. Based on the data obtained, we propose a model for crocin 134 biosynthesis/compartmentation in C. sativus stigmas. 135
136

Results
137
Identification and characterization of ALDH candidate transcripts in C. sativus stigmas 138
To identify the enzyme(s) involved in the conversion of crocetin dialdehyde into crocetin, an in-139 house transcriptome assembly obtained from RNA-Seq data from developing C. sativus stigmas 140 and has been shown to mediate its localization to the endoplasmic reticulum (ER; Masaki et al., 171 1994) . Indeed, YLO-1 is a cytosolic, membrane-localized enzyme, although its exact 172 localization is unknown (Estrada et al., 2008) . This C-terminal domain has been lost in 173
CsADHComp54788 that represents a truncated form of CsALDH3I1, due to an early stop 174 codon. The subcellular localization of the identified CsALDHs was predicted using TargetP 175 (Supplemental Table S1 ; Emanuelsson et al., 2000) . None of the enzymes contained a plastid 176 transit peptide, excluding localization within this organelle, whereas CsALDH2B4, 6B2, and 177 5F1 are predicted to be mitochondrial. All CsALDH genes were expressed throughout stigma 178 development (Fig. 2B) . 179
180
CsALDH3I1 catalyzes the dehydrogenation of crocetin dialdehyde into crocetin 181
To check the ability of the different CsALDH enzymes to convert crocetin dialdehyde to 182 crocetin, we expressed them as thioredoxin fusion proteins in Escherichia coli accumulating 183 crocetin dialdehyde (see Materials and Methods). Briefly, a strain of E. coli carrying a plasmid 184 for zeaxanthin biosynthesis (Kan r ) was co-transformed with the pTHIO-CsCCD2 ( Crocetin was resolved by our chromatographic system into two different peaks with identical 214 mass but different chromatographic mobility (peaks 1 and 2 in Fig. 3C ). The commercial 215 standard of crocetin is composed mostly of all-trans-isomer, that corresponds to the fastest-216 migrating peak (peak 1, Fig. 3C ). Hence, we assume that the two peaks correspond to all-trans-217
and cis-crocetin with an absorption maximum at 426 nm and 420 nm with an additional 218 absorption peak ("cis-peak") at 318 nm, respectively (Supplemental Fig. S4 ; Chryssanthi et al., 219 2011; Rubio- Moraga et al., 2010) . Interestingly, the all-trans-and cis-isomer produced in E. coli 220 were present in approximately equimolar amounts. Because our chromatographic system does 221 not separate the trans-and cis-isomer of crocetin dialdehyde, we are not able to assess whether 222 the cis configuration is already present in crocetin dialdehyde or is generated during the 223 dehydrogenation reaction. 224
225
To further characterize the substrate specificity of CsALDH3I1, we introduced the pTHIO-226 ALDH vector in an E. coli strain harboring the groES-groEL-chaperones system to maximize 227 the amount of correctly folded protein (Nishihara et al., 1998) . Proteins were solubilized using 228
Triton X-100 (Supplemental Fig. S5 ) and utilized in an in vitro assay with different aldehydes 229 according to Trautmann et al. (2013) . The control extract from E. coli cell transformed with the 230 void plasmid showed negligible (1.3%) oxidation of crocetin dialdehyde into crocetin 231 (Supplemental Fig. S6 ), whereas the extract containing CsALDH3I1 converted crocetin 232 dialdehyde into crocetin in a time-dependent manner, with an almost complete conversion after 233 120 min incubation (Fig. 4) . We also assayed the CsALDH3I1 activity on different 234 apocarotenals and non-apocarotenoid aldehydes. As shown in Supplemental Table S2,  235 CsALDH3I1 displayed a strong preference for long-chain apocarotenals, and for 236 diapocarotenoids, showing after 60 min a conversion rate of 93.3%, 76.4%, and 3.6% for -apo-237 8'-carotenal (C 30 ), crocetin dialdehyde (C 20 ) and retinal (C 20 ), respectively. In contrast, the 238 activity of the enzyme was very low or even not detectable, upon incubation with non-239 apocarotenoid (fatty) aldehydes, such as dodecanal, hexanal or 4-OH-benzaldehyde. 240
241
CsUGT74AD1 catalyzes the glycosylation of crocetin into crocins 1 and 2' 242
To check whether the previously identified UGT enzyme (UGTCs2; GenBank: AY262037.1; 243 Moraga et al., 2004 ) is involved in crocin biosynthesis and how many sugars it adds we 244 searched our transcriptome, as well as that of Jain et al. (2016) , for the presence of the 245 corresponding transcript. However, we could not find an identical sequence. The most similar 246 UGT transcript present in these transcriptomes was that of CsUGT74AD1, which encodes a 247 version of UGTCs2 (Moraga et al., 2004) showing a 4 amino-acid extension at the N-terminus, 248 lacking 7 amino acids at the C-terminus and differing in 44 amino acids (Supplemental Fig. S7) . 249
The plant secondary product glycosyltransferase (PSPG) motif, which is responsible for binding 250 the sugar donor UDP-glucose (Gachon et al., 2005) , is conserved in CsUGT74AD1, UGTCs2, 251
and Gardenia jasminoides UGTs involved in crocin formation (Nagatoshi et al., 2012) , whereas 252 some differences were observed in other catalytic residues. Specifically, both UGTCs2 and 253
GjUGT75L6 lack the Asp121 residue (Supplemental Fig. S7 ), which has been shown to be 254 necessary, together with His22, for the catalytic activity of Medicago truncatula UGT71G1 255 Table S1 ). 270
271
To verify the function of CsUGT74AD1, we cloned the corresponding cDNA in the bacterial 272 expression vector pTHIO (Spect r ). As expected, co-expression of pTHIO-CsCCD2, pTHIO-273 CsALDH3I1, and pTHIO-CsUGT74AD1 in an zeaxanthin-accumulating E. coli strain did not 274 result in accumulation of crocin, probably due to insufficient levels of UDP-glucose (UDP-glc) 275 in E. coli, which is required for UGT activity (Ross et al., 2001) . We thus performed an in vitro 276 assay using CsUGT74AD1 produced in the E. coli strain harboring the groES-groEL-277 chaperones system (Nishihara et al., 1998) . Immunoblotting with the anti-His6 antibody 278 revealed a band corresponding to the CsUGT74AD1:thioredoxin fusion protein (69.7 kDa) in 279 soluble extracts of arabinose-induced cells (Supplemental Fig. S8 ). We performed an in vitro 280 assay using 40 µg of soluble E. coli extract, encapsulated crocetin, and UDP-glc as substrates 281 (Moraga et al., 2004) . The reaction was incubated at 30°C for increasing periods of time, 282 followed by analysis of semi-polar and polar metabolites by HPLC-PDA-HRMS. In the assay 283 performed with extract of cells transformed with the empty pTHIO vector, we only detected two 284 peaks with a maximum absorbance at 440 nm, corresponding to trans-and cis-crocetin. On the 285 contrary, in the presence of CsUGT74AD1, we detected 2 additional peaks (Fig. 5A ) 286 corresponding to the monoglucosyl and diglucosyl esters of crocetin (crocin 1 and 2', 287 respectively; Fig. 5B) . A time course of the reaction is shown in Figure 5C : the monoglucosyl 288 ester is a reaction intermediate reaching a maximum between 10 and 20 min, whereas an almost 289 complete conversion of crocetin into the diglucosyl ester, crocin 2', was detected in 60 min. 290
Although we incubated the reaction for up to 120 min and repeated the assay several times, we 291 could not detect the formation of gentiobiosyl esters of crocetin, which are the most abundant 292 forms of crocins in mature stigmas ( The activity of CsUGT74AD1 was also tested on a broad range of different substrates known to 298 undergo glycosylation in planta, using UDP-glc or UDP-galactose (UDP-gal) as sugar donors. 299
We observed that the enzyme is highly specific, showing a high activity with crocetin and UDP-300 glc (81.3% conversion in 30 min, Supplemental Table S3 ), although we detected a lower 301 activity with UDP-gal as a sugar donor (35.5% conversion in 30 min). The enzyme also 302 displayed low levels of activity, with UDP-glc as sugar donor, on flavonoids, i.e. quercetin and 303 naringenin, and on the phenolic acid cinnamic acid, whereas it did not show any activity with 304 ABA or indole 3-acetic acid (IAA; Supplemental To analyze the tissue-specific expression pattern of the CsCCD2, CsALDH3I1, and 310
CsUGT74AD1 enzymes in flowers of C. sativus, we raised polyclonal antibodies against 311 immunogenic peptides from the three proteins (see Materials and Methods) and used them in 312 immunoblot analysis on protein extracts from C. sativus stigmas, stamens, and tepals at anthesis 313 (Fig. 6A) . The antibodies raised against CsCCD2 recognized a single band corresponding to the 314 molecular mass of the enzyme (63 kDa after the removal of the transit peptide), which was only 315 present in the stigma fraction. The anti-CsALDH3I1 antibodies recognized a major band of 53 316 kDa, corresponding to the molecular mass of the protein, which was highly expressed in 317 stigmas, but also present at much lower levels in stamens and tepals. Anti The substrates of CsCCD2 and CsALDH3I1 (zeaxanthin and crocetin dialdehyde, respectively) 327 are hydrophobic molecules that are presumably membrane-associated in vivo. Accordingly, both 328
CsCCD2 and CsALDH3I1 contain a transmembrane domain (Supplemental Fig. S2 ), which is 329 in CsALDH3I1 reminiscent of an ER localization sequence (Masaki et al., 1994) . To determine 330 the solubility of the three enzymes involved in crocin biosynthesis, we homogenized C. sativus 331 stigmas in PBS buffer to lyse plastids, and then sequentially fractionated the extracts into 332 soluble proteins, extrinsic membrane proteins, and insoluble proteins (respectively, lanes 1, 2, 333 and 3 of each panel in Fig. 6B ). Interestingly, all three enzymes were found in the insoluble 334 fraction (lane 3 in Fig. 6B ). This result was expected for CsCCD2 and CsALDH3I1 that contain 335 a transmembrane domain, but not for CsUGT74AD1 that, like other CsUGTs, does not have any 336 hydrophobic domain (Supplemental Fig. S2) . 337
338
To determine the localization of the three enzymes within stigma cells, we performed 339 immunogold electron microscopy on mature stigmas. Table S1 ). The CsCCD2 signal was homogeneously distributed in the 349 organelles. IEM with anti-CsUGT74AD1 antibodies gave a clear signal in the cytoplasm (Fig. 7,  350 F and G). In the higher magnification, the gold particles showed an association with electron-351 dense filamentous structures reminiscent of membranes or cytoskeletal elements (Fig. 7G) Table S2 ). The CsALDH3I1 protein is expressed much more in stigmas, the tissue of crocin 417 biosynthesis, than in anthers and tepals. Taken together, these data strongly suggest that 418
CsALDH3I1 is the enzyme catalyzing the dehydrogenation of crocetin dialdehyde in C. sativus in vitro assay, we showed that CsUGT74AD1 is able to perform primary, but not secondary 455 glycosylation of crocetin. CsUGT74AD1 shows a strong preference for crocetin as a substrate 456 and accepts both UDP-glc and, with lower affinity, UDP-gal as sugar donors. Similar to 457
CsALDH3I1, also the CsUGT74AD1 protein is much more expressed in stigma than in anthers 458 and tepals. Overall, the data suggest that CsUGT74AD1 mediates primary glycosylation of 459 crocetin in C. sativus stigmas. Thus, in C. sativus the situation seems to be similar to in G. 460 jasminoides, where the biosynthesis of crocins involves two UGTs acting hierarchically: one 461 (GjUGT75L6, a close homolog of CsUGT74AD1) produces crocin 1 and 2', and a second one 462 (GjUGT94E5) is responsible for production of crocin 2, 3, and 4 (Nagatoshi et al., 2012). We 463 were unable to find bona fide orthologs of GjUGT94E5 in our transcriptome or in that reported 464 plastid-localized enzymes affecting tocopherol biosynthesis can be complemented by directing 490 the same enzymes to the ER (Mehrshahi et al., 2013) . This finding suggests that plastidial and 491 ER membranes are in close contact, allowing hydrophobic molecules like tocopherol 492 biosynthetic intermediates or crocetin dialdehyde to migrate from one compartment to the other 493 (Fig. 9) . Our model (Fig. 9) suggests that the ER acts as a "transit center" for metabolites whose 494 biosynthesis starts in the chloroplast and ends in the vacuole. This type of compartmentation has 495 been described also for the synthesis of steviosides, which are glycosylated diterpenes that 496 accumulate in the vacuoles of Stevia rebaudiana leaves and confer an intensely sweet flavor. 497
Similar to crocins, the first dedicated step in the biosynthesis of steviosides is mediated by a 498 plastid-localized kaurene synthase and the second step by an ER-localized kaurene oxidase 499 
Cloning of C. sativus genes 541
C. sativus ALDH and UGT transcripts were isolated from C. sativus stigma RNA using the 542
Omniscript RT cDNA synthesis kit (Qiagen). CDSs were amplified from cDNA using Phusion 543
High Fidelity DNA polymerase (NEB) with the oligonucleotides listed in Supplemental Table  544 S4. Amplicons were cloned in the pBlueScript vector (Stratagene) digested with EcoRV, 545 verified by sequencing and then re-amplified with the oligonucleotides listed in Supplemental 546 Table S4 were re-suspended in 10 ml of 75% (v/v) methanol spiked cold (0.5 µg/ml formononetin, 566
Sigma-Aldrich), lysed on ice by triplicate sonication at 10 Hz output (10 seconds each) and 567 centrifuged at 18,000 x g for 30 min. The supernatant was then dried and re-dissolved in 200 μl 568 of 75% (v/v) methanol, centrifuged at 18,000 x g for 20 min to remove particles and aggregates, 569 and subjected to HPLC-PDA-HRMS analysis. Non-polar metabolites were extracted with the 570 same procedure using 100% acetone spiked cold (0.5 µg/ml α-tocopherol acetate, Sigma-571 Aldrich) for extraction and chloroform for re-suspension. 572
In vitro ALDH and UGT assays 573
The pTHIO-CsALDH3I1 and pTHIO-CsUGT74AD1 plasmids were expressed in the E. coli 574 naringenin, quercetin, 3-indole acetic acid, and cinnamic acid. UDP-glc or UDP-gal (2.5 mM) 593 were included as sugar donors. The reaction was incubated at 30°C and stopped by adding 100 594 µl of cold ethanol and immediately freezing at -20°C. The HPLC-PDA-HRMS analysis was 595 performed as following described and the percentage of substrate conversion was calculated as 596 described for CsALDH3I1 assays. 597
HPLC-PDA-HRMS analysis 598
Polar and non-polar extracts were analyzed with a Q-Exactive mass spectrometer (Thermo 599
Fisher Scientific), coupled to a HPLC system equipped with a photodiode array detector 600 (Dionex). HPLC separation of polar and semi-polar metabolites (crocetin, crocins, naringenin, 601 quercetin, cinnamic acid, ABA, and IAA) and 2, 4-DNPH-linked aldehydes was performed as 602 previously described (Alboresi et al., 2016; D'Esposito et al., 2017) with some modifications. 1-603 5 µl of sample were injected on a C18 Luna reverse-phase column (100 x 2.1 mm, 2.5µm; 604 Phenomenex) using mobile phases water + 0.1% (v/v) formic acid (A) and acetonitrile + 0.1% 605 formic acid (v/v) (B) at a total flow rate of 250 µl/min. The separation of polar and semi-polar 606 metabolites was developed using 5% B for 0.5 min, followed by a 24 min linear gradient to 75% 607 B. The separation of the 2, 4-DNPH-linked aldehydes was developed using 20% B for 0.5 min, 608 followed by a 24 min linear gradient to 95% B. The ionization of polar and semi-polar 609 metabolites was performed using electrospray ionization (ESI) with nitrogen used as sheath and 610 auxiliary gas, set to 45 and 30 units, respectively. The vaporizer temperature was 270°C, the 611 capillary temperature was 30°C, the discharge current was set to 5 μA and S-lens RF level set at 612 50. The acquisition was performed in the mass range 110-1600 m/z both in positive and in 613 negative ion mode with the following parameters: resolution 70000, microscan 1, AGC target 614 1e 6 , maximum injection time 50. For the ionization of the 2, 4-DNPH-linked aldehydes, sheath 615 and auxiliary gas, were set to 40 and 10 units, respectively. The vaporizer temperature was 616 280°C, the capillary temperature was 250°C, the discharge current was set to 3.5 μA and S-lens 617 RF level set at 50. The acquisitions were performed as described above. 618 HPLC separation of non-polar metabolites (zeaxanthin, crocetin dialdehyde, β-apo-8'-carotenal, 619 and retinal) was performed as described previously (Liu et ammonium acetate (B), and tert-butyl methyl ether (C) at a total flow rate of 800 µl/min. The 623 separation was developed using 95% A/5% B for 1.3 min, followed by 80% A/5% B/15% C for 624 2.0 min and by a subsequent 9.2 min linear gradient to 30% A/5% B/65% C. After photodiode 625 array detection, the flow was split and 300 µl sent to the MS source. The ionization of non-polar 626 metabolites was performed with an atmospheric-pressure chemical ionization (APCI) source. 627
Nitrogen was used as sheath and auxiliary gas, set to 20 and 10 units, respectively. The 628 vaporizer temperature was 300°C, the capillary temperature was 250°C, the discharge current 629 was set to 5.5 μA and S-lens RF level set at 50. The acquisition was performed as described for 630 ESI. UV-VIS detection was continuous 220-700 nm. All solvents used were LC-MS grade 631 (Merck Millipore). 632
Identification was achieved on the basis of accurate masses and by comparison with authentic 633 reference substances. Representative mass chromatograms of the various analytes are shown in 634
Supplemental Figure S10 . The ion peak areas were normalized to the ion peak area of the 635 internal standard (formononetin or α-tocopherol acetate for, respectively, polar/semi-polar and 636
non-polar metabolites). 637
Extract fractionation and immunoblot analysis 638
To analyze protein expression in bacterial clones, total proteins or soluble extracts from induced 639 100 μL induced cultures (OD 600 =0.7) were loaded on a 10% SDS-PAGE gel using a Bio-Rad 640
Mini Protean device. The gel was stained or subjected to immunoblot analysis as previously 641 Italy) by grinding the tissues to a fine powder in liquid nitrogen and re-suspending in 10 647 volumes (w/v) of SDS-loading buffer. Samples were then lysed on ice by triplicate sonication at 648 10 Hz output (10 seconds each) and boiled for 10 min. After centrifugation at 18,000 x g for 30 649 min, the supernatant was recovered. Total protein content was measured by colorimetry, loading 650 10 µl of each sample on a SDS-PAGE followed by Coomassie staining and using the ImageLab 651 4.0 software (Bio-rad) for total proteins quantification. An equal amount content of total 652 proteins (10 µg) was run on a 10% SDS-PAGE gel, followed by immunoblot analysis (see 653
To analyze the solubility of the CsCCD2, CsALDH3I1, and CsUGT74AD1 enzymes in stigma 656 extracts, the ground material was subjected to sequential extractions. Stigma powder was re-657 suspended and homogenized with an Ultraturrax in 5 volumes of PB buffer (20 mM Na 2 HPO 4 , 2 658 mM NaH 2 PO 4 ; pH 7.2) containing protease inhibitors (complete, EDTA-free, Roche), sonicated 659 recovered supernatant corresponded to the soluble fraction, whereas the pellet was re-suspended 661 in 3 volumes of PB buffer + 200 mM NaCl by vortexing for 5 min at 1,000 rpm, kept in a rotary 662 shaker for 30 min at 4°C and centrifuged at 18,000 x g for 30 min. The supernatant recovered 663 after centrifugation contained the extrinsic membrane proteins. Finally, the pellet was 664 resuspended in 3 volumes of SDS-loading buffer (insoluble fraction). 665
For all experiments, PVDF membranes were incubated 2 h at room temperature with 1 µg/ml of 666 a polyclonal anti-CsCCD2, anti-CsALDH3I1 or anti-CsUGT74AD1 antibodies (affinity-667 purified sera of rabbits immunized with the synthetic peptides MANKEEAEKRKKKP, 668 YGGKRDEKRLKIAP, or EVMDGERSGKIREN, respectively, from GenScript Co., USA), 669
followed by incubation for 1 h with a secondary anti-rabbit antibody (GE-Healthcare) at 670 1:15,000 dilution. The bound antibody was revealed as previously described (Demurtas et al., 671
2016). 672
Electron microscopy 673
Fresh stigmas were collected and cut in transversal sections, 2 mm long, and treated as follows. antibodies was made overnight in a moist chamber at 4°C. Anti-CsCCD2, anti-CsALDH3I1, 695 and anti-CsUGT74AD1 antibodies, previously described, were diluted in incubation buffer and 696 used at the concentration of 5 µg/ml (anti-CsCCD2) and 1 µg/ml (anti-CsALDH3I1 and anti-697 CsUGT74AD1). In addition, for CsALDH3I1 another primary antibody (affinity-purified sera 698 of rabbits immunized with the synthetic peptides VKELRESFNKGTTR, GenScript Co., USA), 699 at 1 µg/ml concentration, was also used. Sections were then washed in incubation buffer (6x5 700 Supplemental Tables S2 and S3 . 761 CsCCD2 cleaves zeaxanthin in the choromoplast, producing crocetin dialdehyde which migrates to the ER, where it is converted to crocetin by CsALDH3I1. The ER and plastid membranes are contiguous through the action of an interphase stabilizing complex (ISC) (Mehrshahi et al., 2013) . Crocetin is converted to crocins 1 and 2' by CsUGT74AD1, associated to cytoplasmic membranes or to the cytoskeleton (CS). A second, unidentified UGT converts crocins 1 and 2' into crocins 2, 3 and 4, which are then transported into the vacuole through one or more unidentified tonoplast transporters. 
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